Introduction
Copper, an essential trace metal, is a catalytic cofactor for enzymes that play critical roles in a number of biological processes, including oxidative phosphorylation (e.g., cytochrome c oxidase) (Hamza and Gitlin, 2002) and oxidative stress protection (e.g., superoxide dismutase) (Torres et al., 2001 ). As copper is potentially toxic to cells, an intricate mechanism for handling intracellular copper ions has evolved, and free copper in the cell is almost undetectable (Rae et al., 1999) .
Mutations in genes involved in copper homeostasis are responsible for disorders of copper metabolism in humans (Mercer, 2001 ). The best-described human copper toxicosis disorder, Wilson's disease (Llanos and Mercer, 2002) , results from mutations in ATP7B, a gene encoding a P type ATPase. It is characterized by the pathologic accumulation of copper in the liver and brain (Brewer, 2000; Gitlin, 2003) . A number of similar syndromes that are not due to mutations in ATP7B are collectively referred to as non-Wilsonian copper toxicosis. Recently, a mutation in the previously undescribed gene COMMD1 (also known as MURR1; ) was shown to be responsible for an autosomal recessive form of a non-Wilsonian copper toxicosis disorder affecting Bedlington terriers van De Sluis et al., 2002) . COMMD1 has recently been reported to interact with ATP7B (Tao et al., 2003) , although the functional role of this interaction remains to be elucidated.
We independently identified COMMD1 as a direct binding partner of the prosurvival protein XIAP . XIAP is best known as a conserved metazoan protein (Duckett et al., 1996; Liston et al., 1996; Uren et al., 1996) that can suppress apoptosis by directly binding to and inhibiting the catalytic activity of several caspases (Chai et al., 2001; Deveraux and Reed, 1999; Riedl et al., 2001; Riedl and Shi, 2004; Shiozaki et al., 2003) . Additionally, it has also been shown that XIAP regulates cellular levels of COMMD1 by functioning as an E3 ubiquitin ligase for this protein and promoting its proteasomal degradation Vaux and Silke, 2005; Yang et al., 2000) . Consistent with this, changes in XIAP expression result in alterations of intracellular copper levels, and Xiap-deficient mice have copper deficiency in conjunction with increased COMMD1 levels .
The identification of a role for XIAP in copper homeostasis prompted us to investigate the effects of copper on XIAP expression and function. In the course of these studies, we found that in situations associated with elevated copper, XIAP protein levels are greatly reduced and, when detectable, exhibit an altered electrophoretic mobility, which we show is indicative of a major conformational change in its structure. These alterations in XIAP levels and conformation are independent of COMMD1, because they are detected not only in affected Bedlington terriers but also in other canine and murine copper toxicosis diseases, as well as in biopsy material from patients affected with Wilson's disease. We report that the altered electrophoretic mobility of XIAP is due to a reversible conformational change in the protein induced by direct binding of copper to cysteine residues within the BIR and RING domains of XIAP. The copper bound form of XIAP in cells is significantly less stable than native XIAP and is greatly impaired in its ability to inhibit caspase-3, and cells expressing it are more susceptible to apoptosis. These findings suggest a model in which changes in intracellular copper levels can affect the apoptotic threshold by determining the level and activity of XIAP and provide an additional pathophysiological mechanism for the cellular damage observed in Wilson's disease and other copper toxicosis syndromes.
Results

Impaired Expression and Altered Mobility of XIAP in Disease States Associated with Copper Toxicosis
Genetic studies of Bedlington terriers affected with a hereditary, non-Wilsonian copper toxicosis disorder led to the discovery of the COMMD1/MURR1 gene (van De Sluis et al., 2002) . Because we had previously identified COMMD1 as an XIAP-interacting factor , we used immunoblotting to compare the levels of canine XIAP protein in liver tissue samples from Bedlington terriers affected with copper toxicosis and normal control dogs. Interestingly, liver tissue from affected dogs expressed undetectable or greatly reduced XIAP levels compared to controls ( Figure 1A ). COMMD1 protein was undetectable in affected animals ( Figure 1A , middle), confirming that the COMMD1 locus is indeed targeted in these dogs.
The biopsy data from Bedlington terriers described above suggested that altered expression of XIAP might be due either to the elevated levels of copper in the liver of these animals or to the absence of COMMD1, perhaps through a regulatory feedback process. To discriminate between these two possibilities, we sought to examine pathophysiological situations involving elevations in levels of copper but in which COMMD1 is unaffected. Cholestasis is a condition in which bile excretion from the liver into the digestive tract is blocked, and because bile serves as the main excretory mechanism for copper (Gitlin, 2003) , it also results in excessive copper accumulation in the liver. We therefore compared liver tissue from a dog with chronic cholestasis and high hepatic copper levels, but with a wild-type COMMD1 gene, to a normal, unaffected animal. As shown in Figure 1B , XIAP in the affected animal was not only reduced in level when compared to a normal control but also additionally appeared as a faster-migrating species, under standard reducing and denaturing conditions used for polyacrylamide gel electrophoresis.
The data described above from canine biopsy samples raised the intriguing possibility that XIAP might be affected in human diseases of copper toxicosis. To explore this possibility, pairwise immunoblot analysis was used to compare biopsy samples from patients with Wilson's disease to normal individuals. Similar to the findings from dogs affected with copper toxicosis, liver tissue from patients with Wilson's disease contained lower levels of XIAP protein ( Figure 1C ), compared to normal, unaffected controls run in parallel. In at least one instance, this reduction was also accompanied by changes in the electrophoretic mobility of the protein ( Figure 1C , left), similar to the effects displayed in the canine cholestatic model observed in Figure 1B . Taken together, these data suggested that copper accumulation is associated with reduced XIAP levels, together in some instances with an altered electrophoretic mobility of the protein.
The changes in the mobility and levels of XIAP could result from either direct copper accumulation in the tissue examined or from a generalized alteration of XIAP metabolism secondary to the disease state. To discriminate between these two possibilities, we examined a murine model for Wilson's disease that harbors a spontaneous mutation in the Atp7b locus, resulting in the massive accumulation of copper in the liver with only limited changes in brain copper levels (Buiakova et al., 1999; Fuentealba and Aburto, 2003) . Similar to the data shown in Figures 1A-1C , hepatocytes from the affected animal contained markedly decreased levels of XIAP, whereas in the same animal, there were no changes in XIAP protein levels in brain tissue ( Figure 1D ). These findings suggest that the specific effect on XIAP observed in hepatocytes is the direct result of copper accumulation in these cells. Copper Accumulation Induces Instablility of XIAP Protein Although the data presented above provided compelling evidence to suggest that XIAP may be altered in expression and mobility in disorders associated with copper toxicosis, these situations do not provide an experimentally tractable system to examine the relationship between XIAP and copper. We therefore tested the possibility that the addition of copper to cells in culture might be able to recapitulate the observations made in animals and patients. As shown in Figure 2A , we could mimic the observations made in biopsy samples by supplementing the media of human embryonic kidney 293 cells with low micromolar concentrations of excess copper, provided in the form of copper sulfate (Figure 2A ). Added copper resulted in reduced XIAP levels and also induced a change in the electrophoretic mobility of XIAP resembling those observed in several of the biopsy samples examined in Figure 1 . These results were reproduced by using copper chloride as an alternative source of supplemental copper, and similar results were also observed in HepG2 cells and CaCo2 cells (data not shown). The induction of the change in the electrophoretic mobility of XIAP was observed to be time dependent, appearing 24 hr after the addition of copper to culture medium ( Figure S1A available in the Supplemental Data with this article online).
To assess whether the reduction in XIAP levels observed reflects changes in XIAP stability in the presence of copper, time decay experiments were performed. HEK 293 cells were cultured in growth media alone or supplemented with copper in order to induce the mobility shift of XIAP, and cycloheximide (CHX) was added to the media to block de novo protein synthesis. XIAP levels were examined by immunoblotting and densitometry after the addition of CHX ( Figure 2B ). Over a 12 hr period, the levels of XIAP in the control samples were essentially unchanged, indicating a half-life of XIAP significantly greater than 12 hr in the absence of copper. However, XIAP appeared greatly destabilized in the copper-treated cells, which exhibited the electrophoretically altered form of XIAP ( Figure 2B ). In this case, the half-life of XIAP induced to shift by the addition of copper was w6 hr ( Figure 2B ). Quantitative real-time PCR The copper bound form of XIAP has a shorter half-life than native XIAP. HEK 293 cells were grown in the presence or absence of copper sulfate (50 mM) for 48 hr. The cells were then lysed after being incubated with cycloheximide (CHX; 30 mg/ml) as indicated, and XIAP and b-actin were identified by immunoblotting. (C) The addition of copper sulfate (50 mM) does not result in increased ROS production or cell death. HEK 293 cells were incubated with copper for 48 hr and subsequently probed for the generation of ROS or increased cell death by flow cytometry using CM-H 2 DCFDA (1 mM) or propidium iodide, respectively. Etoposide (30 mg/ml) was used as a positive control in both experiments. The error bars represent the standard deviation of three independent samples. (D) The mobility shift of XIAP is copper specific. HEK 293 cells were grown in the presence of additional copper, iron, zinc, and hydrogen peroxide as indicated. Copper, iron, zinc, and hydrogen peroxide were also added postlysis to untreated HEK 293 cell lysates as indicated. XIAP and bactin were detected by immunoblotting.
analysis of XIAP showed no significant changes in XIAP mRNA expression levels (A. Wilkinson and C.S.D., unpublished data), indicating that the reduction in XIAP occurs posttranscriptionally.
Because copper is a strong oxidant, we sought to determine whether the concentration of copper used in our studies induced cellular oxidation or was otherwise toxic to the cell. As shown in Figure 2C , incubation with copper induced neither reactive oxygen species (ROS) formation nor cytoxicity ( Figure 2C ). Furthermore, changes in the mobility or levels of XIAP were not observed after the addition of other divalent metals such as zinc or iron, or hydrogen peroxide, a source of ROS ( Figure 2D ). These findings support the notion that copper induces alterations in XIAP of a highly specific nature.
The Mobility Shift of XIAP Can Be Recapitulated In Vitro and Is Reversible
One potential explanation to account for the copper-induced alteration in the electrophoretic mobility of XIAP is that copper might be inducing the proteolysis of one or both termini. To test this possibility, an expression vector was constructed encoding a doubly tagged XIAP modified to incorporate both an amino-terminal FLAG tag and a carboxy-terminal HA tag in the same protein. This plasmid was transfected into 293 cells, which were either left untreated or treated with copper, and samples were examined by immunoblot separately with anti-FLAG and anti-HA antibodies. In the lysates from cells incubated with copper ( Figure 3A ), the faster-migrating band was again observed, similar to that seen with endogenous XIAP, and furthermore, this altered mobility was detected with both FLAG-and HA-specific antibodies. These data indicate that neither terminus of the molecule undergoes proteolytic cleavage to produce the electrophoretically distinct form of XIAP observed after copper treatment.
The lack of a proteolytic event suggested that the mobility shift might represent a conformational change in the protein triggered by copper. Therefore, we tested whether the mobility shift could be recapitulated in vitro by incubating whole-cell lysates from HEK 293 cells with increasing amounts of copper. This resulted in a graded mobility shift of XIAP ( Figure 3B , top) that resembled the phenomenon observed when incubating 293 cells in media supplemented with copper. This mobility shift has been observed in all cell lysates examined to date, tested from a wide range of cell types, including Jurkat, FL5.12, Ht29, Caco-2, and HeLa cell lines, suggesting that the conformational change in XIAP observed after copper treatment is a widely occurring phenomenon.
The observation that copper treatment was able to induce a mobility shift of XIAP in whole-cell lysates raised the question of whether this was an intrinsic property of XIAP or required other cellular factors. To explore this question in more detail, the ability of purified XIAP to undergo a mobility shift was tested. As shown in Figure 3B (bottom), recombinant bacterially expressed XIAP demonstrated a mobility shift that was essentially identical to that seen in whole-cell lysates after incubation with increasing concentrations of copper. These findings suggest that the mobility shift is intrinsic to XIAP and does not require other cellular cofactors.
Previous studies have described the ability of IAPs to bind zinc (Clem et al., 2001; Hinds et al., 1999; Miller, 1999; Sun et al., 1999) , raising the possibility that like zinc, copper may also bind directly to XIAP. In that case, the mobility shift could potentially be reversed by copper chelation. In order to test this hypothesis, copper was added to whole-cell extracts to induce the mobility shift of XIAP (as in Figure 3B ), and then increasing amounts of two different copper chelators, tetrathiomolybdate (TM) and bathocuproinedisulfonic acid (BCS), were added. Copper chelation restored the slower-migrating form of (A) Doubly epitope-tagged XIAP containing an amino-terminal FLAG tag and a carboxyterminal HA tag was expressed in HEK 293 cells. Copper sulfate (50 mM) was added to the media, and the cells were subsequently lysed. XIAP was detected by immunoblotting using FLAG and HA antibodies as indicated. (B) The copper-induced mobility shift can be recapitulated in vitro. Increasing amounts of copper were added postlysis to untreated HEK 293 cell lysates and to recombinant XIAP prepared in E. coli as indicated. XIAP mobility was determined by immunoblotting. (C) The copper-mediated mobility shift of XIAP is reversible. The XIAP shift was induced by the addition of copper sulfate (1.56 mM) to HEK 293 cell lysates after which increasing amounts (0, 0.156, 1.56, and 7.8 mM) of the copper chelators tetrathiomolybdate (TM) and bathocuproinedisulfonic acid (BCS) and zinc chloride were added. XIAP mobility was subsequently determined by immunoblotting. (D) BCS (15.6 mM) was added to hepatic tissue lysate from an affected cocker spaniel and subsequently probed for XIAP, COMMD1, and b-actin. Figure 3C ), indicating that the effect of copper on XIAP is a reversible change. In addition, increasing concentrations of zinc did not reverse the mobility shift, suggesting that there are distinct metal binding sites for copper and zinc. To investigate whether these results could be recapitulated in a cellular system, HEK 293 cells were cultured in media supplemented with copper, in the absence or presence of the cell-permeable copper chelator tetraethylenepentamine (TEPA). The presence of TEPA in the culture media similarly was sufficient to prevent the copper-induced mobility shift of XIAP ( Figure S1B ). Finally, the mobility shift observed in canine tissue described in Figure 1B was also reversed by the addition of copper chelators to the liver tissue lysate ( Figure 3D ). This finding strongly supports the idea that the altered mobility of XIAP as a consequence of copper overload in vivo is due to a similar process as that observed in cell culture.
XIAP (
Direct Binding of Copper to Cysteine Residues within XIAP Induces a Major Conformational Change in XIAP
The reversible nature of the mobility shift supported the notion that this event might be the result of direct copper binding by XIAP. To test this possibility, beads coupled with the metal chelator pentadentate (PDC) and in complex with various metals were used to precipitate protein from either whole-cell extracts or purified recombinant XIAP. As shown in Figure 4A , beads with immobilized copper, but not other metals, were found to efficiently precipitate recombinant XIAP (bottom) or endogenous XIAP from cell lysates (top). Interestingly, the precipitated XIAP migrated in the shifted position, consistent with the incorporation of copper into XIAP.
To independently confirm the observation that XIAP binds copper directly, we took advantage of the high affinity of glutathione (GSH) for copper. GSH Sepharose beads were either untreated or loaded with copper and then extensively washed to remove excess metal and subsequently tested for their ability to precipitate XIAP. Recombinant XIAP variants were used that were either untagged or contained amino-terminal affinity tags (maltose binding protein [MBP] or glutathione-Stransferase [GST]). As expected, native GSH Sepharose beads were only able to precipitate GST-XIAP, due to the high affinity of GST for GSH ( Figure 4B, bottom) . However, GSH beads in which copper had been adsorbed efficiently precipitated all recombinant proteins, , which interfere with binding to cysteine and histidine residues, respectively. Protein was incubated on ice with IAM (31.2 mM) for 1, 2, or 3 hr (top) or with DEPC (0.5 mM, 1 mM, 2 mM, and 3 mM) for 3 hr. Copper sulfate (1.56 mM) was then added to induce the mobility shifted form of XIAP, which was detected by immunoblotting. (E) Native and copper bound XIAP exhibit different patterns of digestion with trypsin and proteinase K. Native and copper bound XIAP were digested with trypsin and proteinase K for defined time points. The trypsin digests were then terminated by the addition of 5 mM phenylmethylsulfonyl fluoride (PMSF), and the proteinase K digests were terminated by boiling the samples in MBP elution buffer. The samples were then run on a denaturing polyacrylamide gel and the bands visualized with Coomassie staining technique.
including those lacking a GST tag, confirming a strong and specific affinity of XIAP for copper. The recovered material migrated in the shifted position ( Figure 4B , top), as seen also with the beads in which copper had been directly chelated ( Figure 4A) . A similar experiment performed with whole-cell lysates demonstrated that only copper-loaded GSH beads and not native GSH beads were capable of specifically precipitating XIAP, and the recovered protein migrated in the shifted position ( Figure 4C ). Taken together, these results indicate that XIAP directly binds to copper and undergoes a conformational change manifested by an alteration in its electrophoretic mobility.
The studies described above and in Figure 4 indicate a direct interaction between XIAP and copper. Because numerous previous reports have described critical roles for cysteine and histidine residues in copper binding (Adman, 1991) , we tested the possibility that these residues may also be involved in the copper-XIAP interaction. Iodoacetamide (IAM) is an alkylating agent that avidly binds cysteine thiols and, thus, can neutralize the ability of cysteine residues to bind copper. We therefore compared the ability of XIAP to undergo a copper-induced mobility shift in whole-cell lysates, in the presence and absence of IAM. Significantly, IAM was sufficient to prevent the copper-mediated shift of XIAP ( Figure 4D, top) . Conversely, the addition of diethyl pyrocarbonate (DEPC), a histidine selective reagent, did not ablate the shift (Figure 4D, bottom) . These results indicate that copper binds to cysteine, but not histidine residues within XIAP.
The altered mobility shift of XIAP observed after copper treatment, its reversibility by copper chelation, and the ability of XIAP to bind directly to copper are all suggestive of a conformational change induced by copper binding. To explore in more detail the possibility that XIAP undergoes a change in its conformation after binding to copper, we performed limited proteolytic digestion analysis of purified, recombinant XIAP in its free or copper-shifted form by using trypsin ( Figure 4E , left) and proteinase K ( Figure 4E, right) . As shown in Figure 4E , the copper bound form of XIAP exhibits very different patterns of digestion to native XIAP, with both proteolytic enzymes over a 10 min period at 37ºC, strongly indicating that XIAP adopts a distinct conformation when bound to copper. The resistance of copper bound XIAP to proteases seen here reflects a conformational change in the protein and does not necessarily signify an altered susceptibility to degradation in vivo. The digestion patterns obtained with an unrelated control protein, bovine serum albumin, were identical in the presence and absence of copper with both proteinase K and trypsin (data not shown), indicating that their proteolytic activity was unaffected by the supplemental copper.
Copper Binding Is Mediated by Multiple Regions in XIAP
The iodoacetamide experiment shown in Figure 4D indicated that cysteine residues are required for XIAP to bind copper, prompting us to examine the domains within XIAP that might mediate copper binding. XIAP contains three BIR domains that are known to coordinate zinc, consistent with their similarities to zinc fingers (Hinds et al., 1999; Sun et al., 1999) . These BIR domains are cysteine rich, and similarly, the carboxy-terminal RING finger domain present in XIAP is also rich in cysteine residues (Yang et al., 2000) and known to coordinate zinc. Therefore, the potential involvement of various domains of XIAP in copper binding was evaluated by testing the ability of truncated versions of the protein to undergo the mobility shift after addition of copper sulfate to the lysate. As shown in Figure 5A , the amino-terminal portion of XIAP containing the three BIR domains and lacking the RING finger domain was capable of undergoing a mobility shift as were the BIR1-2 and BIR2-3 constructs. In addition, a truncation mutant lacking all BIR domains and containing the RING finger domain was also capable of undergoing the mobility shift. These results indicate that the BIR and RING domains of XIAP are all likely involved in copper binding, and these results are consistent with both the stepwise nature of the mobility shift observed in vitro ( Figure 3B ) and the known requirement of cysteine residues for copper binding to XIAP.
Copper Can Induce Mobility Shift of Other IAPs
Given the structural and functional similarities between various members of the IAP family, we investigated whether the electrophoretic mobility shift observed with XIAP could also be induced with other IAPs. To this end, HEK 293 cells were transfected with expression vectors for the IAPs indicated in Figure 5B , and the cells were then cultured in media supplemented with copper sulfate. Interestingly, this resulted in a mobility shift for the prototype baculoviral Op-IAP, suggesting that the copper binding properties of IAPs might be evolutionarily conserved. Although several other members of the IAP family did not appear to shift, treatment of cIAP-2-expressing cells with copper resulted in a redistribution of the doublet typically observed after overexpression of this gene into predominantly the faster-migrating species. These findings suggest that the ability of XIAP to bind copper is likely to be shared with several other IAP family members.
Copper Bound XIAP Exhibits Impaired Caspase-3 Inhibitory Activity and Renders Cells More Susceptible to Apoptotic Stimuli Protection from apoptosis by XIAP relies primarily on its ability to inhibit caspases (Deveraux and Reed, 1999) . Therefore, the ability of untreated and copper bound XIAP to inhibit caspase-3 was compared. Preliminary experiments revealed that even trace amounts of free copper abrogate caspase-3 activity (A.R.M. and C.S.D., unpublished data). We therefore devised a strategy to test the caspase inhibitory properties of copper bound XIAP in the absence of free copper. Recombinant GST or GST-XIAP were first adsorbed onto native or copper bound GSH Sepharose beads, which were subsequently washed to remove free copper. This allowed us to induce the copper bound form of XIAP but remove excess free copper from the system. In control samples, copper immobilized onto the GSH beads did not substantially affect the assay when compared to other negative controls such as native GSH beads either alone or bound to GST.
The enzymatic activity of recombinant caspase-3 was determined by its ability to cleave the fluorogenic substrate DEVD-AFC in the presence of increasing amounts of recombinant native or copper bound GST-XIAP. The caspase-3 activity in the presence of GST-XIAP was compared to that seen in the presence of equal amounts of GST to derive a percentage activity ( Figure 6A ). As expected, increasing amounts of GST-XIAP bound to native GSH Sepharose beads resulted in progressive inhibition of caspase-3 activity. However, GST-XIAP immobilized onto copper bound GSH beads no longer inhibited caspase-3. These results indicated that binding of copper by XIAP induces a loss of caspase inhibition, most likely due to the resulting conformational changes.
The effect of copper binding on the ability of XIAP to bind to caspase-3 was then investigated. Again, Figure 6 . Copper Bound XIAP Does Not Inhibit Caspase 3 and Decreases the Threshold for Apoptosis (A) Effects of the copper-induced mobility shift on the caspase-3 inhibitory activity of XIAP. Caspase-3 activity in the presence of copper-shifted GST-XIAP is compared to the native GST-XIAP control. Recombinant GST and GST-XIAP were mixed with glutathione beads, either untreated or after copper immobilization, the latter resulting in a copper-induced mobility shift. Caspase-3 was then added and its enzymatic activity determined by the cleavage of the fluorogenic substrate DEVD-AFC, and the activity in the presence of GST-XIAP was compared to the corresponding GST control to derive a percentage activity. The mean percentage activity and standard deviation of three samples per group are presented. (B) The ability of native and copper bound GST-XIAP to bind caspase-3 was determined by coprecipitation and immunoblotting as indicated. (C) Cells expressing the copper bound form of XIAP are more susceptible to apoptosis. HEK 293 cells were grown in the presence of additional copper sulfate (50 mM), and a combination of TNF (500 U) and CHX (60 mg/ml) was used to induce cell death. PI staining was used to identify dead cells by flow cytometry. The mean and standard deviation of three samples per group are shown. recombinant GST or GST-XIAP was first bound to GSH Sepharose beads (either untreated or copper bound) and mixed with recombinant caspase-3. After precipitation and washing of the beads, the presence of caspase-3 was determined by immunoblotting (Figure 6B) . Interestingly, the copper bound form of XIAP was still capable of binding caspase-3, despite its inability to inhibit caspase-3 enzymatic activity.
Based on the finding that copper bound XIAP is a poor inhibitor of caspase-3, we next investigated whether cells expressing the mobility-shifted form of XIAP were more susceptible to apoptotic stimuli. Cells were cultured in media supplemented with copper to induce the shifted form of XIAP ( Figure 6C , inset) and then challenged with tumor necrosis factor (TNF) as a death stimulus. Although at this time-point, the dose of TNF used (500 U) resulted in minimal cell death in control cultures, cells expressing the mobility shifted form of XIAP were greatly sensitized to death ( Figure 6C ), and this occurred under conditions in which copper did not induce ROS formation ( Figure 2C ). Although the possibility cannot formally be excluded that copper can sensitize these cells to apoptosis through XIAP-independent pathways, these data suggest that at least one way to achieve this sensitization can be through the inactivation of XIAP.
Discussion
XIAP was originally identified as a mammalian homolog of the antiapoptotic protein Op-IAP and has since been found to bind and directly inhibit caspase-3, caspase-7, and caspase-9 (Chai et al., 2001; Deveraux and Reed, 1999; Riedl et al., 2001; Shiozaki et al., 2003) . In addition to its role in regulating apoptosis, XIAP can also regulate intracellular copper levels by functioning as an E3 ubiquitin ligase for COMMD1, a factor involved in copper homeostasis. Consistent with this, tissues from Xiap-deficient mice contain elevated levels of COMMD1, as well as reduced levels of copper . In light of this role for XIAP in copper homeostasis, we investigated the potential effects of copper on XIAP.
In this study, we demonstrate that in the presence of elevated copper, XIAP levels are markedly reduced both in inherited and acquired copper toxicosis disorders and that XIAP adopts an alternative conformation that has enhanced electrophoretic mobility in polyacrylamide gels, even under reducing, denaturing conditions. This conformational change is specifically induced by copper and occurs as a result of direct binding of the metal to multiple cysteine residues within XIAP. This finding is consistent with previous studies that have shown that other copper binding proteins such as ATP7B utilize cysteine residues to complex copper (Ralle et al., 2004) . The BIR domains and the RING finger, which are all rich in cysteines, appear to be capable of binding copper, and the deletion studies performed here confirmed that multiple regions of XIAP can bind to copper. Additionally, other IAPs such as Op-IAP and cIAP-2 ( Figure 5B ) are also affected by intracellular copper accumulation, raising the possibility that the functions of IAPs in general might be affected under conditions of copper excess. Thus, copper overload may have a more profound effect on the apoptotic threshold beyond XIAP inactivation alone.
In its copper bound state, XIAP is more susceptible to degradation than in its native form and is greatly impaired in its ability to inhibit caspase-3 despite the fact that there is no observable difference in its ability to bind the active p-17 caspase-3 fragment. Structural studies indicate that the interaction between XIAP and caspase-3 results in steric interference of the enzymatic site of caspase-3 by a domain in XIAP located just upstream of BIR2 (Riedl et al., 2001) . The fact that the copper bound form of XIAP still binds caspase-3 but does not inhibit its activity implies that the mechanism of binding does not involve the active site of the enzyme. This finding is not surprising in light of the conformational change that XIAP undergoes when bound to copper, as demonstrated by the different digestion patterns seen with native and copper bound XIAP with proteinase K and trypsin. Importantly, cells expressing the mobilityshifted form of XIAP are more sensitive to apoptotic stimuli, and this is probably due to a decrease in XIAP levels in conjunction with the inability of the copper bound form of the protein to inhibit caspase-3.
These findings provide a provocative and unexpected link between cellular copper homeostasis and the control of apoptosis. Abnormal copper accumulation such as that resulting from Wilson's disease or chronic cholestasis is accompanied by cell death that has long been attributed to a direct toxic effect of copper. The data presented here suggest that in the setting of intracellular copper accumulation, XIAP undergoes a reversible conformational change that enhances its susceptibility to intracellular degradation and significantly decreases its ability to inhibit caspase-3. This results in a lowering of the apoptotic threshold of the cell and, in the presence of an apoptotic stimulus, leads to increased cell Intracellular copper accumulation results in a copper-induced conformational change of XIAP, thereby increasing its intracellular degradation and decreasing its ability to inhibit caspase-3. These changes result in a lowering of the apoptotic threshold and increased cell death in response to apoptotic stimuli. death ( Figure 7) . Future studies will determine the extent to which this process contributes to the pathophysiology of copper toxicosis diseases.
This change in the biological properties of XIAP after copper binding is akin to that observed in other proteins that have a high affinity for copper. Amyloid-b-protein (Ab) and prion protein (PrP c ) both avidly bind copper, and this interaction plays an important role in the eventual development of Alzheimer's disease (Bush et al., 2003) and transmissible spongiform encephalopathies, respectively (Millhauser, 2004) . In the same way, the lowering of the apoptotic threshold in copper overload disorders may play a pivotal role in hastening cell death, resulting in the accelerated development of a disease phenotype. This raises the intriguing possibility that copper chelator therapy in Wilson's disease may be effective not only because excess copper is removed from the cell but also because the apoptotic threshold is normalized. Conversely, harnessing the effects of copper on XIAP may have practical applications in tumors, because it would be predicted that increases in copper may actually function synergistically with small molecule XIAP antagonists to sensitize cells to apoptosis.
Experimental Procedures Plasmids
The plasmids pEBG-BIR1, pEBG-BIR2, pEBG-BIR3, pEBG-BIR1-2, pEBG-BIR2-3, and pEBG-BIR1-2-3 were generated by PCR using pEBB-XIAP as a template (boundaries are indicated in Figure 5 ). The plasmids pEBB-FLAG-XIAP-HA and pMAL-c2x-XIAP were derived by incorporating the XIAP coding sequence into the vectors pEBB-FLAG-HA and pMAL-c2x, respectively. The plasmids pEBG-DBIR, pEBG-DLOOP, pEBG-DRING and pEBG-XIAP, pcDNA3-OpIAP-HA, pcDNA3-Myc 6 -cIAP-2, pcDNA3-Myc 6 -NAIP, and pEBBcIAP-1 have been described previously (Duckett et al., 1998; Liston et al., 1996) .
Cell Culture, Transfection, and Hepatocyte Isolation Human embryonic kidney 293 cells were cultured in DMEM supplemented with 10% FBS and 2 mM L-glutamine. A standard calcium phosphate transfection protocol (Duckett et al., 1997) was used to transfect 293 cells in all cases. Atp7b tx-J toxic milk mice (Coronado et al., 2001 ) and littermate controls were obtained from The Jackson Laboratory, Bar Harbor, ME. Hepatocytes were isolated by a modified in situ collagenase perfusion technique (Wan et al., 1995) .
In Vitro Induction of Copper-Mediated XIAP Mobility Shift Recombinant XIAP and GST-XIAP were prepared as previously described . MBP-XIAP fusion protein was produced by following the manufacturer's instructions (NEB). The indicated concentrations of copper sulfate were added to whole-cell lysates, recombinant XIAP, and GST-XIAP on ice. After mixing, the samples were immediately resolved on denaturing NuPAGE 4%-12% polyacrylamide gradient gels as described below. In the stated experiments, after the addition of copper to the lysates as described above, increasing concentrations (0.156 mM, 1.56 mM, and 7.8 mM) of two different copper chelators, BCS (Sigma) and TM (Sigma), were added to the lysates and incubated on ice for 2 hr.
Precipitations Using Metal-Chelated Beads Metal-free beads or ones with copper, zinc, or calcium immobilized onto a pentadentate chelator coupled to a quartz base matrix (PDC-SLQ free, Cu-PDC-SLQ, Zn-PDC-SLQ, and Ca-PDC-SLQ) were obtained from Affiland (Liege, Belgium). In addition, copper was also immobilized onto GSH by rotating equal volumes of GSH Sepharose beads (GE Healthcare) with copper sulfate (50 mM) at 4ºC for 1 hr. The beads were then washed five times (twice the bead bed volume) with EDTA-free 1% Triton lysis buffer (25 mM HEPES, 100 mM NaCl, 10% glycerol, and 1% Triton X-100) to remove excess unbound copper. The above beads were then used to precipitate recombinant XIAP (untagged or tagged with GST or MBP) and protein from HEK 293 cell lysates as indicated. Thirty microliters of beads was added to either recombinant protein or whole-cell lysates and rotated at 4ºC for 2 hr. The beads were then washed four times with EDTAfree 1% Triton lysis buffer, pelleted, and the precipitate resuspended in LDS loading buffer for immunoblotting.
Antibodies, Immunoblotting, and Immunoprecipitation All tissue samples were lysed in Laemmli buffer (0.0625 mM TrisHCl, 2% SDS, 10% glycerol, and 5% b-mercaptoethanol). Lysates from cultured cells were prepared with a Triton X-100 lysis buffer (25 mM HEPES, 100 mM NaCl, 10% glycerol, and 1% Triton X-100) supplemented with protease inhibitors. Protein samples were resolved by using 4%-12% gradient Novex Bis-Tris gels (Invitrogen), transferred to nitrocellulose membranes (Invitrogen), and blocked with 5% milk solution in TBS containing 0.05%-0.2% Tween-20. The membranes were incubated with the relevant primary antibodies followed by incubation with HRP-conjugated secondary antibodies (GE Healthcare). Antibody detection was performed by the Enhanced Chemiluminescence (ECL) Western blot analysis system (GE Healthcare). Antibodies against XIAP (Transduction Labs), GST (Santa Cruz), FLAG (Sigma), HA (Sigma), b-actin (Sigma), and COMMD1 (Burstein et al., 2005) were used.
Cell Viability Studies
Copper (50 mM) was added to HEK 293 cells as described above. After 48 hr, a combination of TNF (500 U; Roche) and CHX (60 mg/ml; Sigma) was used as the apoptotic stimulus. Alternatively, etoposide (30 mg/ml) alone was added in the absence of copper. After incubation for 16 hr, the cells were collected in 5 ml of PBS and washed once with 3 ml PBS. The samples were centrifuged at 200 3 g for 5 min, the PBS was aspirated, and the cells were washed once more with 1 ml PBS. After further centrifugation at 200 3 g for 5 min, the pelleted cells were resuspended in 0.5 ml PBS containing 2 mg/ml propidium iodide (PI) and incubated on ice for 10 min. PIpositive dead cells were then detected by flow cytometry.
Detection of Reactive Oxygen Species
The fluoroprobe 5-(and 6-)chloromethyl-2 0 ,7 0 -dichlorodihydrofluorescein diacetate, acetyl ester (CM-H 2 DCFDA, Invitrogen) was used to detect ROS production. Either copper (50 mM) or etoposide (30 mg/ml) was added to HEK 293 cells for 48 and 16 hr, respectively. Subsequently, CM-H 2 DCFDA was added to the cells to a final concentration of 1 mM for 30 min, and the cells were then detached by using trypsin after being washed with 1 ml PBS. The samples were centrifuged at 200 3 g for 5 min, the PBS was aspirated, and the cells were washed once more with 2 ml PBS. After further centrifugation at 200 3 g for 5 min, the pelleted cells were resuspended in 0.5 ml PBS and ROS-positive cells were detected by flow cytometry.
Degradation Studies HEK 293 culture media was supplemented with copper sulfate (50 mM) to induce the mobility shift of XIAP. After 48 hr, CHX (30 mg/ ml) was added to the growth media to inhibit de novo protein synthesis, and the cells were then lysed at different time points as indicated. The samples were then prepared for immunoblot analysis, and XIAP and b-actin were identified by immunoblotting.
Protease Digestion
The copper bound form of the protein was generated by adding copper sulfate (1.56 mM) directly to recombinant MBP-XIAP. and binding of copper to the protein was confirmed by the presence of the mobility shift on the Coomassie blots. The proteolytic sensitivity of both native and copper bound MBP-XIAP was determined by carrying out timed digests with trypsin and proteinase K (Jakob et al., 2000) . The samples were separated by SDS-PAGE and the protein bands visualized by colloidal Coomassie staining (Invitrogen).
Supplemental Data
Supplemental Data include one figure and can be found with this article online at http://www.molecule.org/cgi/content/full/21/6/775/ DC1/.
